An on-chip self-contained autonomous microfluidic cooling system, driven here by a constant external rotating magnetic stirrer, has been developed using liquid-phase photopolymerization and nickel electroplating. A temperature-sensitive hydrogel that acts similar to an automotive clutch provides the autonomous functionality. By controlling the rotation of the nickel impeller, the hydrogel effectively controls the pumping of cold water to cool the system when temperatures are high. Once cooled, the system autonomously stops pumping.
INTRODUCTION
Thermal management is of crucial concern in microelectronics [ I ] and recently, biologicat microfluidics, e.g., polymerase chain reaction (PCR) and DNA analysis [2] . Many existing varieties o f thermal management exist, including air jet flow, dielecpic fluids, fans, cold plates, and refrigeration systems [I] .
However, a majority of these systems are bulky, demand high power, and are not easily scaled down and/or integrated into devices at the microscale [ 1, 3,43. We present a first demonstration of an on-chip selfcontained autonomous microfluidic cooling system. It actively responds to local temperatures on-chip and does not require additional temperature sensing, feedback and control, or pressure flow.
The autonomous cooling is realized through a programmable clutch mechanism we previously reported [ 5 , 61. The microfluidic cooling system is fabricated using a combination of microfluidic tectonics [7] , specifically liquid-phase photopolymerization (LP3) and nickel (Ni) electroplating. A temperature-responsive hydrogel ring is photopatterned around the center axis of a Ni impeller ( Fig. 1 (b) ) using LP'. The hydrogel actively responds to its local temperature changes onchip by expanding and contracting in volume, acting as an autonomous clutch to turn the cooler odoff ( Fig. 1  (c) ). The hydrogel's responding temperature can be pre- Fig. 1 . Functional mechanism of the autonomous microfluidic cooling system as an effect of local temperature The system IS driven by a constant external rotating magnetic stirrer Scale bars represent 1.25 mm (a) At high local temperatures, the temperature-responsive ring contract$, allowing the impeller to rotate (b) At low local temperatures, the temperatureresponsive nng expands into a mushroom cap, constricting the Ni impeller (c) Cross-section (left) of an expanded hydrogel ring A similar cross-sectional confocal Image of an expanded hydrogel (nght) provides venfication of the mushroom cap programmed by tuning its chemistry. When local temperatures rise above a pre-programmed value (here, -30 "C), the impeller autonomously responds by pumping and recirculating (cold) water until the local temperature decreases to a designed lower temperature (here, 26 "C). See Fig. 1 (a) and (b).
FABRICATION PROCESS
The fabrication process is modified from previous work [5, 61 and is extended from two to three construct layers. The process utilizes LP3 of photosensitive polymers and Ni electroplating.
High resolution (3600 dpi) film photomasks (Silverline Studio, Madison, WI, USA) are used to transfer patterns to the photosensitive polymers.
Pholosensitive Polymers
Two photosensitive polymers, similar to negative photoresists, are used to create the structural (channels and posts) and functional (autonomous functionality) components of the cooling system.
The non-responsive photosensitive polymer used here to form channels and posts consists of three constituents: monomer -isobornyl acrylate (IBA), crosslinker -tetraethylene glycol dimethacrylate (TeGDMA), and photoinitiator -2,2-dimethoxy-2-phenylacetophenone (DMPA). Exposure to a ultraviolet (UV) light source causes the pre-polymer solution to harden (called poly(1BA)). It is also used as a mold for Ni electroplating.
The temperature-responsive hydrogel pre-polymer consists of five constituents: temperature-sensitive monomer -N-isopropylacryamide (NIPAAm), N,N'-methylenebisacrylamide (NMBA), photoinitiator -DMPA, dimethyl sulphoxide (DMSO), and deionized (DI) water. Once photopatterned by UV light, the hydrogel chemistry used here results in a volume transition point, known as the lower critical solution temperature (LCST), of 30 "C.
Fobvieation
Devices are fabricated on microscope glass slides (76.2 m m x 25.4 mm x 1 mm) that have been previously coated with TiiCulTi (0.0610.3510.06 pm) using a DC sputterer. A poly(1BA) masking mold of the impeller is photopattemed on the glass slide. Double-sided adhesive tapes are used to create a cavity between the glass slide and photomask of the impeller. The IBA-based prepolymer is squeezed into the cavity using transfer pipettes and subsequently exposed to UV light (intensity, I = 7.7 mW/cm2; time, f = 18.5 s). The photomask is carefully removed and the device is developed in a bath of 100% ethyl alcohol for 180-240 s, Next, it is softbaked on a hotpiate for 15 min at 50 "C.
The tap Ti layer is removed using 1:lO HF:H20. Ni electroplating (Microfabe NI 100, Enthone-OMI, Inc., West Haven, CT, USA) is performed at the active sites where Cu has been exposed using a current density of Fig. 2 (a) .
A polycarbonate cartridge (Hybri WellT, Grace-Bio Labs, Inc., Bend, OR, USA) with a spacer layer of 250 bm is affixed to the glass slide. Thls forms construct layer #1, Inter-iayer connection holes are previously drilled into the cartridge (dashed gray circles in Fig. 2 (b) ). Next, construct layer #2 is formed. The cartridge cavity is first filled with the IBA-based prepolymer and a poly(1BA) central core post (diameter = 0.80 mm) is similarly photopatterned (mask 1) as the center axis of the NI impeller. Next, the temperatureresponsive hydrogel pre-polymer is flowed into the cartridge. A poly(N1PAAm) ring (width = 0.225 mm) is photopattemed ( I = 15 mW/cm*, t = 10 s) from mask 2, and subsequently rinsed with ethyl alcohol (Fig. 2 (c) ). The Ni impeller is released by flowing in Ti and/or Cuetching solutions into the cartridge.
Using mask 3, the channels, pumping chamber, and cold water reservoir are photopattemed using poly(lBA), forming the rest of construct layer #2 (Fig. 2 (d) ).
Before affixing the second cartridge (125 pm thick), construct layers #1 and #2 are filled with DI water to prevent backflow of the IBA-based pre-polymer in the subsequent step. The IBA-based pre-polymer is flowed into the second cartridge and the inter-layer connecting channel (construct layer #3) is photopatterned (I = 7.7 mW/cm2, t = 16.5 s) using mask 4. See Fig. 2 (e) . A cross-section of the three-layer autonomous microfluidic cooling system is shown in Fig. 2 (9. 
EXPERIMENTS AND RESULTS
Experiments were videotaped directly to a computer using a Sony Hyper HAD CCD-IrisiRGB camera (Sony Corp., New York City, NY, USA). An external rotating magnetic stirrer was used to drive the Ni impeller (Cole Parmer, model 84000-00, Vernon Hills, IL, USA).
Experimental Setup
The driving magnetic field's rotational frequency was set to 6.0 Hz for all experiments. See Fig. 3 (b) for experimental setup. A type-K thermocouple (model 5SRTC-TT-K-40-72, Omega Engr., Inc., Stamford, CT, USA), was inserted at the T-intersection in the channel network to monitor fluid temperature. To raise the temperature local to the hydrogel ring, a KaptonTM heater (model #2-HK5537R7.8L12A, Minco Products, Inc., Minneapolis, MN, USA) was mounted on the underside of the glass slide using 3M #9885 heat-conductive tape (3M, St. Paul, MN, USA). A temperature controller (CT16A3088-993, Minco Products, Minneapolis, MN, USA) was used to drive the KaptonTM heater. An onchip cold water reservoir kept below 20 "C was provided. 
Autonomous Functionality
First, the autonomous functionality of the cooling system was verified. See 'Run 1' in Fig. 4 . Here, the rotating magnetic stirrer is constantly kept activated. The KaptonTM heater was initially turned on (setpoint = 40 "C), causing the Ni impeller to rotate and pump cold fluid autonomously. Once reaching the setpoint, the heater was turned off, allowing the system to cool from the pumping. Once the local fluid temperature dropped below -26 "C, the Ni impeller autonomously stopped rotating and pumping fluid. The heater was turned back on again, and when the temperature rose above 27-30 "C, the Ni impeller started to rotate again and pump cold fluid. This odoff heater cycle was repeated four times to exhibit the autonomous functionality of the cooling system.
Cooling EHxt
The cooling effect was observed by providing a constant heat influx into the device (mimicking heat sources on-chip) using the KaptonT" heater. The temperature controller works on a continuous feedback system provided by the thermocouple. To fool the system into inputting a constant heat flux, the feedback probe was kept 5 * 0.5 "C lower than the heater setpoint. Autonomous functionality and cooling effect experiments. 'Run 1' -the heater was turned onioff four times (setpoint = 40 "C) to show the cooling pump autonomous hnctionality, i.e., at its lowest tempcrature in each o f the four cycles, the Ni impeller stops rotating, despite the constant presence of a rotating magnetic field. The Ni impeller rotates again at the onset of temperatures above 30 "C. 'Runs 2a-c' show the cooling effect of the system at heater setpoints 27,40, and 50 "C whilst exposed to a constant heat influx source. Cooling repeatability, shown here by the cyclical troughs and crescents, was accomplished by turning the magnetic stirrer o d o f f three times.
50 "C ('Run 2c') were tested. Cooling repeatability (shown here by the cyclical troughs and crescents) was obscrved by tuminy the magnetic stirrer odoff three times. Once the system reached a preset setpoint, the stirrer was activated until the fluid temperature lowered and stabilized. At this point, the magnetic stirrer was deactivatcd, allowing the fluid temperature to rise to the preset setpoint. This cycle was repeated three times for each heater setpoint. Local fluid temperatures decreased due to pumping and rccirculation of cold water from the reservoir on-chip. At threc different heater setpoints (27, 40, and 50 "C), the microfluidic cooling system repetitively lowered the temperature by an average of 1.6, 2.9, and 4.0 "C, respectively. Smafl fluctuations in the ambient room temperature caused the slight rise in the device fluid temperature in 'Run 2a'.
CONCLUSION
An on-chip self-contained autonomous microfluidic cooling system has been demonstrated here. The fabrication process is flexible to allow many substrates, including glass (used here), silicon, and silicon nitrideioxide. Furthermore, microfluidic cooler arrays can be fabricated where each cooler is programmed differently by altering the geometry and/or chemistry of the temperature-responsive hydrogel.
The systetn demonstrated here is driven by a constant external rotating magnetic ficld. It is possible to integrate a local acruator, such as a three-phase micromotor [IO] . The microfluidic cooling effect can be improved with an optimized Ni impeller design.
Additionally, with different responsive hydrogels, the autonomous operation can be extended to different environmental parameters.
